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Abstract

There has been an increasing interest in the applications of polarimetric mi-
crowave radiometers for ocean wind remote sensing. Aircraft and spaceborne
radiometers have found significant wind direction signals in sea surface bright-
ness temperatures, in addition to their sensitivities on wind speeds. However, it
is not yet understood what physical scattering mechanisms produce the observed
wind direction dependence. To this end, polarimetric microwave emissions from
wind-generated sea surfaces are investigated with a polarimetric two-scale scat-
tering model of sea surfaces, which relates the directional wind-wave spectrum to
passive microwave signatures of sea surfaces. Theoretical azimuthal modulations
are found to agree well with experimental observations for all Stokes parame-
ters from near nadir to 65° incidence angles. The up/downwind asymmetries
of brightness temperatures are interpreted using the hydrodynamic modulation.
The contributions of Bragg scattering by short waves, geometric optics scatter-
ing by long waves and sea foam are examined. The geometric optics scattering
mechanism underestimates the directional signals in the first three Stokes param-
eters, and most importantly it predicts no signals in the fourth Stokes parameter
(V), in disagreement with experimental data. In contrast, the Bragg scatter-
ing contributes to most of the wind direction signals from the two-scale model
and correctly predicts the phase changes of the up/crosswind asymmetries in 7T,
and U from middle to high incidence angles. The accuracy of the Bragg scat-
tering theory for radiometric emission from water ripples is corroborated by the
numerical Monte Carlo simulation of rough surface scattering. ‘I’his theoretical
interpretation indicates the potentia use of polarimetric brightness temperatures

for retrieving the directional wave spectrum of capillary waves.



1 Introduction

Sea surface brightness temperatures are the radiometric power measure of blackbody radi-
ation from sca water. The blackbody radiation is the electromagnetic waves excited by the
random thermal motion of charged particles in the sea water. While the emitted electro-
magnetic waves transmitting through the air-water interface,the water waves present on the
surface and marine mixed layers will scatter the electromagnetic waves into the atmosphere.
Through this electromagnetic-water wave interaction process, the signatures of atmospheric
and oceanic characteristics are embedded in the sea surface brightness temperatures mea-
sured with passive radiometers. Experimental results, such as those published in [1, 2], have
shown the correlation of sea surface brightness teinperatures with the near surface wind
velocit y.

Wind is the key driving force in air-sea interaction processes, creating the momentum
transfer between the atmosphere and ocean and generating the large scale ocean circulations
and surface waves. Wind-roughened surfaces in the form of gravity and capillary waves,
breaking waves and foam, arc the result of the balance of the wind input and dissipative
processes, including viscous dissipation and wave breaking. 1)ueto a preferential direction
of wind forcing, the surface waves arc skewed with a rougher surface profile along the wind
direction. ‘I'his can be characterized by a larger root-mean-square (rms) surface slope and
height along the wind direction than those across. Additionally, there are couplings between
capillary waves and gravity waves with a longer wavelength denoted as carrier waves. This
wind-wave interaction causes the leeward face of the carrier waves to have more capillary
ripples than the windward face. Over a critical wind velocity, depending on the air-sea
temperature difference and water salinity, waves may become unstable and breaks with
forward plunging to dissipate the energy provided by the wind. As the air bubbles entrained
in water by the breaking waves gradually rising to the surface, foaming whitecaps consisting
of mixed air bubbles with water are present on the surface.

These wind-generated surface features affect the sea. surface brightness temperatures



through three primary scattering mechanisms. First is the Bragg scattering by capillary
waves, which are known to be significant scattering sources for scatterometry [3], Secon cl is
the tilting effects caused by large-scale waves, with wavelength longer than those of capil-
lary waves contributing to Bragg scattering. Third is caused by whitecaps or foam, which
significantly enhances the albedo of the sea surface. "The rms height of capillary waves, rms
slope of long waves, and coverage of foam on sea surfaces are all functions of surface wind
velocity. Other less well studied scattering sources include the breaking waves and wedges
before breaking, which are believed to be important scattering sources for scatterometry at
large incidence angles.

The Bragg scattering mechanism exhibited in radiometry differs from that in scatterom-
etry. The Bragg scattering contributes to the brightness temperatures through a “bistatic”
scattering mechanism, unlike the “monostatic” scattering measurernents by scatterometers,
in the context of electromagnetic wave interaction with the capillary wavenumber spec-
trum, radiometer signals arc the integral effects of Bragg scattering over a range of capillary
wavenumbers [4], while scatterometers sample the wave spectrum at a single point. Despite
the described difference, the Bragg scattering from capillary waes modifying the surface
reflectivities, influences the thermal radi ation and backscattering from sea surfaces at all
incidence angles.

The scattering effects of large-scale waves have been modeled by the geometric optics
(GO) scattering theory [5, 22]. In the GO model, the large-scale waves arc modeled by tilting
surface facets, and the scattering coefficients arc proportional to the number of surface facets
with a tilting angle satisfying the specular reflection condition, Stogryn [5] used Cox and
Munk’s slope distribution of sea surfaces [6] obtained fromn the sun’s glitter measurements and
studied the sensitivity of brightness temperatures on wind speed. However, Hollinger’s tower
measurements [1] performed at 1, 8 and 19 GHz showed that the GO model failed to account
for the observational frequency dependence and significantly underestimated the wind speed

dependence of the horizontal component at small incidence angles. This discrepancy was




due to the neglect by Stogryn’s model of small-scale surface roughness, which contribute to
the Bragg scattering of incident electromagnetic waves.

With the Bragg scattering mechanism taken into consideration, the two-scale scattering
theory [7] was extended by Wu and Fung[8] and Wentz [9] to interpret the brightness
temperatures of seca surfaces. In the two-scale scattering approach, the reflection coefficients
of large-scale waves are reduced by the scattering effects of short-scale waves and the Bragg
scattering from the short-scale waves arc averaged over the slopes of long waves. Improved
agreement with measured scattering and emission coefficients was demonst rated. However,
the rms height of the short waves used in Wu and Fung’s model was selected by fitting
theory to experimental data. To avoid an ad-hoc selection of spectrum parameters, Went z's
two-scale model used an empirical sea spectrum {1 O]. As compared with the geometric
optics model, the two-scale theory more accurately modeled the dependence of brightness
temperatures on incidence angles and wind velocities.

Besides the wind speed sensitivity, capillary waves, gravity waves, and foam are anisotropic
in azimuth direction due to the preferential direction of wind forcing. These surface asym-
metries cause ocean backscatters to vary with the wind direction, and recently arc found to
induce the directional dependence of sea surface brightness temperatures in near-nadir mea-
surements performed by the Russian scientists at the Space Research Institute [11], SSM/I’s
dual-polarization measurements at 53° incidence angle [12], and 19 and 37 GHz polarimetric
measurements made by JPL’s wind radiometer (WINDRAD) in the incidence angle range
of 30° to 65° [14, 15]. In particular, the ofl-nadir measurements [14, 15] showed that there
are up/downwind asymmetries in the azimuth dependence of sea surface brightness tem-
peratures. Since brightness temperatures are influenced by surface scattering as discussed
previoudly, it should not be surprising to find that passive radiometer measurements of the
sea surface are sensitive to the wind direction.

However, it is not yet understood what scattering mechanisis produce the wind direction

signals in the aforementioned passive microwave radiometer measurements. In Wu and



Fung’s [8] and Wentz’s [9] models, the surface spectrum of short waves were assumed to
be isotropic and the Bragg scattering theory used was for isotropic surfaces. Consequently,
there were no directional sensitivities in theoretical brightness temperatures. In contrast,
Stogryn’s geometric optics model using Cox and Munk’sslope distribution, although in
poor agreement with the wind speed sensitivity of sca surface brightness temperatures, did
predict an azimutha variation of a few Kelvins. A lack of theoretical interpretation leads
to the questions of whether the observed wind direction signals canbe explained by known
scattering mechanisms, including Bragg scattering, geometric optics scattering and sea foam,
and which one of the scattering mechanisms may dominate.

The purpose of this paper is to examine the applicability of a two-scale model to the wind
direction signals in polarimetric sea surface brightness temperatures, ‘I’his model [18, 31]
extends the previous two-scale models [8, 9] to surfaces with anisotropic directional spectrum
and predicts all four Stokes parameters of sea surface brightness temperatures. This allows us
to examine the relative significance of geometric tilting effects of long waves, Bragg scattering
by short waves, the excess emission from sea foam and the hydrodynamic modulations of
short-scale waves by long waves.

in Section 2, the theory of polarimetric radiometry is smmmarized. Section 3 presents
a t we-scale model for thermal emission from anisotropic win d waves and foam, Section 4
presents comparison of theoretical results and existing microwave brightness temperatures
of sca surfaces. Section 5 illustrates the relative contributions of Bragg scattering, geometric
optics scattering and sca foam. Numerical Monte Carlo scattering was performed to vali-
date the accuracy of the second-order small perturbation method (SPM ) used in the Bragg
scattering model, Section 6 summarizes the results of this paper and discusses the issues

required for further investigation.



2 Polarimetric Radiometry

The electromagnetic waves emitted from natural media due to random therma motion of
electric charges arc in genera partially polarized. To fully characterize the polarization state
of partialy polarized thermal radiation, four parameters 7, Q, U, and V were introduced by
Sir George Stokes. Because conventional radiometers for earth rermote sensing pm-form 7,
and 7) measurements, an alternate representation of the Stokes vector uses four parameters,
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T, and T} are the brightness temperatures of vertical and horizontal polarizations, while U

Ty, Th, U, and V,

and V characterize the correlation between these two orthogonal polarizations. Note that
the first two Stokes parameters are related to 7°, and 7}, by I(=7, + 1}) representing the
total radiated energy and Q(=17’, —7%) the polarization balance. EC]. (1) defines the Stokes
parameters in terms of the horizontally and vertically polarized components of electric fields
(Fy and E£,). The polarization vectors are related to the direction of propagation and arc
illustrated in Figure 1. The angular brackets denote the ensemble average of the argument,
and cisa constant relating the brightness temperature to the electric encrgy density [32].
Recent interests in the applications of polarimetric radiometry for remote sensing started
from the theoretical work [16, 17, 18], Ground-based experiments were carried out to inves-
tigate the Stokes parameters of thermal emission from periodic soil surfaces at X-band [19]
and from sinusoidal water surfaces at Ku band [20], a X band [21], and at 94-GHz [22]. The
surface profiles studied in these experiments were all one-dimensional with an rms height of
a few centimeters, much rougher than the capillary waves in the open oceans. Hence, the
measured brightness temperatures had an azimuthal variation of as large as 20 Kelvins, sig-
nificantly larger than the measurements from ocean sui faces [11, 12, 14] and the theoretical
predictions [1 8]. However, these results showed that the Stokes parameters of microwave

radiation from surfaces with preferential directional features are functions of the azimuthal
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viewing angles.

For wind-generated sea surfaces, the surface spectrumissymmetric with respect to the
wind direction (¢,,) or the surfaces are statistically reflection symmetric with respect to ¢u,
[23], if the effects of swell can be ignored. Denoting, the azimuthal observation angle of
radiometer look direction by ¢, and the relative azimuth angle by ¢ = ¢ — ¢;. Yuch et
al. [23] derived from Maxwell’s equations using reflection symmetry that 7', and 7}, arc even
functions of ¢ and U and V are odd functions.

The even and odd symmetry properties allow us to expand the Stokes parameters in

either cosine or sine series of the azimuth angle ¢. Heiice, expanded to the second harmonic

of ¢,

T, o~ Tuo+ To cos ¢+ Tog cos 2¢ (2)
Th ~ Tho+ Thicosd+ Thocos2¢ (3)
U ~ Uysing+ Uzsin2¢ (4)
V o~ Vising+ V,sin2¢ (5)

The coeflicients of first harmonics account for the up/downwind asymmetric surface features,
while those of second harmonics for the up/crosswind asymmetry.

All coeflicients are functions of oceanic, atmospheric, and some instrument parameters,
including near surface wind velocity, swell, salinity, air and sea. surface temperatures, inci-
dence angle, polarization and frequency. The dominant geophysical parameter is the surface
wind velocity according to the past experience of scatterometer measurements. However,
other variables which may influence the wind stress or friction velocity, could become sig-
nificant at low to moderate wind speeds. Understanding how these harmonic cocflicients
are related to these geophysical parameters is crucial to the use of these Stokes parameter

measurements for the inversion of geoph ysica 1 parameters.



3 Polarimetric 2-scale sea surface emission model

Two-scale sca surface models approximate the sea surface as a two-scale surface with short-
scalc ripples or capillary waves riding on the top of lai ge-scale surfaces. With this -picture,
the total therma emission from the surface is the sum of emissions from individual, slightly
perturbed surface patches tilted by the underlying large-scale surface.

In this model, the Stokes vector of the thermal emission from a local surface patch is
represented by 1. To account for the radiation from sca foam, I is the sum of two terms,
including the Stokes vector of the emission from foam-free, wind-roughened small-scale sea.
surfaces and that from the surface patches with 100 percent foam coverage, denoted by /.,
and 1,4, respectively. Hence,

Ia =1 = F)l+ F g (6)

with F, representing the area] percentage coverage of sea foam over sea surfaces, F; is known
tobea function of surface wind velocities as well as air and sea surface temperatures, and is
calculated using the empirical sea foam fractional coverage algorithin [24 ] derived from t he
least square fit of experimental observations.

The Stokes vector of the two-scale surface is written as the average of I,; over the slope
distribution of large scale surface, denoted by 1°(S,,.S,). In addition to changing the local
incidence and azimuth angles, the slope of the large scale surface affects the area of surface
patch projected along the line of sight, meaning that the emission from smallscale surfaces
has to be further weighted by the solid angle of the large-scale surface viewed by the ra-
diometer. This results in the second factor inside the integral for the Stokes vector observed

at the incidence angle # and azimuth angle ¢:

00 cot &
I, :[ ds, /w: dS;14(1 --S: tan 0) P(S,,S,) @

- 00

where
S; = S;cosd-- S, sin¢
Sy =S.sing4 S, cos (8)
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Inthe above equations, S, and S, represent the surface slopes in z (upwind) and y (cross-
wind) directions, while S; and S;, represent the surface slopes along and across the radiometer
azimuth observation direction, respectively. Integration over S; hasto be limited to cot 0 to
account for the shadowing by the large-scale surfaces.

In the following subsections, wc describe the empirical’ surface spectrum used for the two-
scale model and the formulas used to calculate the Stokes vectors of foam-free, small-scale

sca surfaces and sca foam.

3.1 Two scale surface descriptions

In two-scale modeling approach, the surface spectra of large scale waves and small scale

waves, denoted by W; and W,, respectively, are related to the sca surface spectrum W by

W (K, ¢x) if K <ky

Wi(K, éi) :{ 0 otherwise ©
{0 if K < ky

Iv.s(]{) ¢k) - { "/‘/(](, ¢k) OtherWiSC (IO)

The hydrodynamic modulation is introduced by modulating the spectrum of small scale

waves by a coefficient h according to the local slope of large scale surfaces:

15 if $p/S. < -1.25
h =41 — 045,/S, if -1.25 <S,/$,< 1.25 (11)
0.5 if 1.25 <.5,/S,

This formula is chosen so that the ripples on the leeward side of long waves arc enhanced,
while those on the windward side are depressed.

The slope distribution function P(S;,S,)isassumed to be zero-mean Gaussian with the
up and cross-wind slope variances, denoted by S2 and S?, which are calculated from all

surface spectral components with a wavenumber less than the two-scale cutoff kd,

o0 2r

Si = / dK/ diJ¢® cos® g Wi(KK, i) (12)
0 1]
o0 2T

$? = / dK / de IS sin? geWi( K, ¢ (13)
0 0



3.2 Emission from Small-scale Waves

To extend two-scale models [8, 9]to anisotropic sea surfaces, the second-order perturbation
solution of Bragg scattering from small-scale, anisotropic surfaces [4] is used to calculate /.
‘The energy conservation condition, crucial for calculating the brightness temperature using
the Kirchhofl’s law [25], was verified with the numerical Monte Carlo simulations of rough
surface scattering [4].

The Stokes emission vector 1,, in the earth surface coordinate is related to that denoted
by 7., in the local surface coordinate by the coordinate rotation shown in Appendix A. By
using a polarimetric Kirchhoff's law [25, 32], I, isrclated to the reflectivity vector (7,) of

the small-scale sea surface by
1
1
r 2} .-
]93 - 73( 0 |V) (14)
)

where 7T, is the surface temperature.
Based on the second order solution of scattering from dSlightly perturbed rough surfaces

[4], I, is the sum of two terms, I,. and Ir::
]r = ]rr + ]'ri (15)

I.; is the incoherent surface reflectivities, calculated by integrating incoherent polarimetric

bistatic scattering coefficients 'yf,ﬁu,, over al incidence angles in the upper hemisphere:

/ 2 0 7vuvv((01’ d’l’ 01, ¢:) + 7uhvh 01, ¢1’ 0" d)t)
/2 s .

]ri 0 3 = 1 0;d0; [ . cos P 7hhhh 01’ ¢1’ 01, ¢1) + 7hvhv(01’ QSla 0,, (]51)

( ! d)l) \/0 sin 0 d¢t 47 cos 01 Q.RC(’)’ hhh (01, d’l) 1y ¢'1) + 7uuhu(011 9")1, 1y ¢1))

2]m(7uhhh(01, ¢19 1y (/) ) + ’vah'u(ol’ ¢l’ i) ¢’1))
(16)

The bistatic scattering coefficients are related to the wavenumber spectrum W of sea surfaces
by

: A ~ " '0ia N 1y 4
Vopu(O1s 13 Ois g czCCH201 Foapun (01, 615 03: i) W (K, cos ¢i— ki cos $is k, Sin ¢y — ki sin 64)

(080

(17)
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witha, 8, 1, and v being either v or k.

Here, 0; and ¢; signify the zenith and azimuth angles of the propagation direction of
scattered waves in the local surface coordinate, and 9: and ¢i the zenith and azimuth angles
of the propagation direction of the incident wave. The wavenumbers, k, = kosin 0, and
ki = ko sin 0;, are the magnitudes of the scattered and incident wave vectors projected on
the horizontal plane. ko is the free-space electromagnetic wavenumber. The expressions of
scattering coefficients, Faguys are. given in Appendix B-

The coherent reflectivity /.. with corrections by the second order scattered fields is ex-

pressed as {4] \
RO + 2Re( RO R(2)*)

2 2)%
Lo | R+ 2RO R (18)

2Re(RPRY* + Rg?)R%)*)
2m(RG R + RORE")

Here, R and Rﬂ) are the Fresnel reflection coeflicients for vertically and horizontally po-
larized incident fields, respectively, and B3 with @ and B being v or kis the correction of

specular reflection coeflicients caused by the small surface perturbation [4]:
2T [&9)
Rffg(o‘-, é:) = / / k2W (ki cos ¢; — k, cos ¢, kpisin ¢y — k, sin qﬁ)ggﬂ)kpdkpdqﬁ (19)
0 0

where ki = k. sin §; is the transverse component of the incident wavenumber, and the
expression of g@g 1s given in Appendix C. It should be noticed that the above equation
provides the correction coefficients for arbitrary incidence and azimuth angles (O.and ¢;).
To use it consistently with the Kirchhofl’s law, substitute 6; and ¢; by the observation angles
0, and ¢; + win Eq. (15). ‘This is because only the waves incident from the direction (0;,

¢ + ) can be specularly reflected into the observat ion direction (01, ¢:).

3.3 Emission from foam

Although foam typically covers only a few percents of sea surfaces, increasing foam coverage
on the sca surface can substantially increase the sea surface emissivity [26, 27], Previous

theoretical foam scattering models, athough having offered physical insight into the excess
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brightness temperature contribution by sea foam, are not yet accurate enough to predict the
polarization properties and incidence angle dependence of mi crowave emission from foam.
Further research on the polarization signatures of foam is imperative.

Ducto the lack of a quantitative theoretical scattering model for foam, Stogryn’sem-
pirical emissivity model of sea foam [26] is used to calculate the emissivities of vertical and
horizontal polarizations in the local surface coordinate. The Stokes vector in the local surface
coordinate is then transformed to I,; in the earth surface coordinate using the coordinate

transformation described in Appendix A.

4 Comparison with experimental data

In this section, the wind direction signals in microwave brightness temperatures of sea sur-
faces are interpreted using the two-scale model described in the previous section. The theo-
retical results from the two-scale model are compared with the data from [11, 12, 15, 14].
Model inputs required for theoretical calculations include the surface spectrum W and
the sea surface permittivity. The wind-induced surfaces are described by an empirical surface
spectrum W proposed by Durden and Vesecky [28]. (Because some typographical errors are
found in their paper, the correct expressions of these formulas are shown in Appendix 1).)
The choice of this spectrum, instead of many other forins of sca spectrum, for investigating
sca surface brightness temperatures is because theoretical backscattering coefficients calcu-
lated using this spectrum function were shown to agree reasonably well with many aircraft
scatterometer measurements [28] and the total slope variances of the surface agree with Cox
and Munk’s measurements. However, results from several studies [3, 10, 33, 34] suggest that
Cox and Munk’s slope variances might be an underestimate for sca surfaces, ‘1'able 1 sum-
marized the slope variances of sea surfaces at a wind speed of 9 m/sat 5 m elevation from
these studies. To make the slope variances closer to these studies, the magnitude (a,) of
Durden and Vcsecky’s surface spectrum has to be raised from 0,004 to 0.008. It is found that

this adjustment is also necessary to make the theoretic.a results from the two-scale mode]
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morc comparable with the data. Hence,a. of 0.008 is used for the model calculations in
this paper. Another input to the theoretical model is the permittivity of sea water, which
is calculated using Klein and Swift's dielectric model of sea surfaces [29] with the measured
water temperature by NOAA buoys and an assumed salinity of 35 parts per thousand.

A key parameter in the two-scale model is the wavenumber cutoff k4. This cutoff
wavenumber S selected in such a way that the rms height of short-scale waves is valid
for the small perturbation method and the curvature of large-scale waves allows the use of
the GO model. I'able 2 illustrates the rms slopes (S, and S.) of large scale waves and rms
height (¢) of small-scale waves for two cutoff wavenumbers used for the sensitivity analysis
of the theoretical results on k4. The harmonic coeflicients of al Stokes parameters [Igs. (2)
to (5)] are calculated from 0° to 70° incidence using both cutoff wavenumbers. The rms
difference averaged over incidence angles and the worst case difference among all incidence
angles are presented in Table 3. The sensitivities of Tv0 and Tko 011 k4 arc much smaller than
the magnitudes of 7w and Tho- The rms difference is typically about 0.1 K or smaller for
the first and second harmonic coefficients. The results show that the theoretical results from
the two-scale model arc insensitive to the cutoff wavenumber k4. Therefore, only theoretical
results with k4 equal to 120 rad/m for 19.35 GHz and 230 rad/m for 37 GHz arc illustrated
in the following analysis.

Figure 2 illustrates theoretical 70 and 7ro versus incidence angles for several wind speeds.
The zcroth harmonic coefficients calculated from the SSM/I geophysical model function
by Wentz [12] are also included for comparison. There is a good agreement between the
theory and the SSM/1 geophysical model function by Wentz [12]. As shown, the wind speed
sensitivities of Two are positive at low incidence angles and negative at incidence angles larger
than 60°, consistent with the experimental data reported in [1, 2] and the theoretical results
[9]. Theoretical 19 GHz T reaches amost no wind speed sensitivity at 55°, while 37 GHz
Ty a asmaller incidence angle of about 50”. This is because the dielectric constant of

sea surfaces are smaller at 37 GHz, resulting in a smaller Brewster angle and consequently,
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a smaler incidence angle where the wind speed sensitivity of 7, makes a transition from
positive to negative numbers. Note that although the wind speed sensitivity of 7qin Wentz’s
SSM/1 geophysical model is small, it remains positive at 37 GHz, inconsistent with the small
negative sensitivity from the model predictions. However, Hollinger’s 19 GHz data [1 J showed
that there is no wind speed sensitivity at about 60° incidence angles, while the 7, data from
Sasaki et al. [2] showed a zero crossing at about 55°. ‘I"his suggests that the small wind speed
sensitivity of Zwo between 50° and 60° could be sensitive to other surface parameters, like
the sea surface dielectric constant as well as the area] coverage and brightness properties of
sca foam. Further refinements of these model inputs could be necessary to achieve a better
accuracy for Two between 50° and 60° incidence angles. Unlike the vertical polarization,
Tho is a monotonic increasing function of wind speeds at al incidence angles. Theoretics]
Tho has a dightly larger wind speed sensitivity at higher incidence angles. This suggests
that a spaceborne radiometer operating ata larger incidence angle could provide a better
accuracy for wind speed measurements than at lower incidence angles. However, it should
be aware that the atmospheric radiation and attenuation, which become more significant at
large incidence angles, will place an upper limit on the useful range of incidence angles for
spaceborne observations.

Figures 3 to 5 compare the azimuthal variations of theoretical and measured Stokes pa-
rameters over a 360° circle. The up and downwind directions arc represented by 0° and
180". To highlight the wind direction dependence, all zeroth harmonic terms (7%, and Zho)
have been subtracted from theoretical and experimental data and are illustrated in Table 4.
The difference between the theoretical and experimental Two indicates the contribution of
atmospheric radiation and attenuation. At 45° incidence, the difference is about 201< cor-
responding to an atmospheric attenuation of about 0.3 dB, which is consistent with the
fact that the experimental data illustrated were measur ed under clear sky conditions. This
suggests that the atmospheric attenuation has a negligible eflect on the wind direction sig-

nals in these cases. However, the influence of atmospheric radiation on7ho increases with
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increasing angles. This is partly due to the longer path length through the atmosphere and
partly due to the larger surface reflectivity at higher incidence angles tending to reflect more
horizontally polarized sky radiation. The illustrated atmospheric attenuation and radiation
estimated from the above comparison are consistent with those estimated from [35) for the
standard US atmosphere.

Figure 3 illustrates the comparison of theory and data at 30(' incidence angle. The
data were measured using an aircraft K-band (19.35 GHz) polarimetric radiometer [] 5].
As observed in theoretical and experimental data, 7, and 7 have an even symmetry with
respect to the wind direction, while U has an odd symmetry. These signatures agree with the
symmetry properties derived from Maxwell’s equations for media with reflection symmetry
[23]. There are two peaks located at the up (0°) and downwind (180°) directions and two
minima approximately at the crosswind directions (90° and 270°) in 7;, data. This is similar
to that in backscatter data measured with microwave scatterometers. However, Th data.
with a phase signature opposite to that in 7, data have local minima at up and downwind
directions. The angular dependence in these three Stokes parameters agrees very well with
that from the two-scale model.

Figure 4 illustrates theoretical data along with dual-frequency (19 and 37 GHz)mea-
surements made at 55° incidence angle [15]. Also included in this figure are 7, and 7}, data
calculated from Wentz's SSM /1 geophysical model function [1 2]. There is a good agreement
between theoretical and experimental data for all Stokes parameters in terms of the mag-
nitudes of azimuthal modulations and their symmetry properties with respect to the wind
direction. What is interesting in this figure is that the wind direction signals in measure-
ments as well as theoretical results are insensitive to frequencies from 19 to 37 GHz. This
can be attributed to the multiple scale nature of wind waves. If scaled by the electromag-
netic wavelength, the wind waves dominating the electromagnetic scattering at 19 and 37
GHz would appear similar at these two frequencies. Under the assumptions that the capil-

lary wavenumber spectrum behaves like 1 /k* and that the angular variation of wavenumber
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spectrum remains constant, the weak frequency dependence can be derived from the theory
with a fixed ka/ko for theoretical calculations. This is because after a change of integration
variable from the absolute wavenumber k, to a normalized wavenumber k,/ko, the coher-
ent and incoherent reflectivities [Egs. (1 7) and (18)] were shown to have a weak frequency
sensitivity [1 5]. “In this theoretica model,the weak frequency dependenceis caused by the
deviation of wavenumber spectrum from1/k* and the sensitivity of sca surface permittivity
to frequency.

Another interesting point is that 7, and U from both theory and data illustrated in
Fig. 4 oscillate only once over a 360° change of wind direction, while 7% and V' oscillate
twice over 360°. These signatures are very different from those shown in Fig. 3. The peak
at the downwind direction observed in T, at 30° incidence angle does not appear in either
data or theory at 55° incidence angle, and the peak (dip) of U at about 135° (225° ) almost
disappear. These changes can be explained by the 13ragg scattering and the hydrodynamic
modulation mechanisms. As discussed in Section 5, the Bragg scattering mechanism predicts
asmall cos 2¢ signa in T, at near 55° incidence angles, but the hydrodynamic modulation
characterized by Eq. (11 ) introduces a positive up and downwind brightness difference (see
Section 5.1). Hence, the directional T, signal has a dominant cos ¢ signature, instead of a
cos 2¢ modulation like that seen in T}. Similar reduction of the second-harmonic signal in U
with increasing incidence angles is aso a result of the hydrodynamic. modulation mechanism.
These observations imply a very useful application of the polarimetric signals for the mea-
surement of surface directional spectra. As shown, 7% is more sensitive to the up/downwind
asymmetric surface features and less sensitive to the up/crosswind asymmetry, while the op-
posite is true for 7}. These two characteristics are complementary and directly indicate the
relative magnitudes of orthogonal harmonic components in the directional wave spectrum.

Figure 5 compares data and theory at the incidence angle of 65° for all Stokes parameters.
Weak frequency sensitivity is observed just like the data collected al smaller incidence angles

and can be explained by the self-similar characteristics of surfaces using the theoretical model.
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The major difference between this set of data and those at lower incidence angles is that 7,
dips at the upwind direction, unlike that illustrated in Figs. 3 and 4. ‘]’ here is aso a change of
shape from low to high incidence angles in U data. These are consistent, with the signatures
of Bragg scattering discussed in Section 5, where the T, dip a the upwind direction is
explained by a small negative cos 2¢ signal from the Bragg scattering mechanism. Overall,
the azimuthal signatures of all Stokes parameters are modeled very well by this two-scale
mode] over a large range of incidence angles.

The above comparisons are for the JPI. WINDRAI) data from one of several continuous
360° circles. To make a more quantitative comparison, the data from two sets of continuous
circles have been used to compute the harmonic coefficients of wind direction signals. Each
set of continuous circles consists of three circles each for 45° and 55° incidence and two circles
for 65° incidence. Figures 6 and 7 plot the first and second harmonic coefficients of all Stokes
parameters as a function of incidence angles at 19 and 37 GHz, respectively. Also included
are the 14 GHz and 37 GHz measurements by ktkin et a. [1]] and Dzura et a. [13] at near
normal incidence (< 10°) and Wentz’s T, and 7}, mode] coeflicients for the SSM/1 at 53°
incidence angle [12]. It can be seen that the harmonic coefficients calculated from the two-
scale model agree well with the experimental data over alarge range of incidence angles. This
suggests that dominant scattering mechanisms contributing to the directional signatures of
sea surface brightness temperatures have been considered in the two-scale scattering model.

Results from the geometric optics model using Cox and Munk’s slope distribution are
included in Figures 6 and 7 for comparison. The geometric optics model are obtained by , .
using Cox and Munk’s slope distribution for the probability function P in Eq. (7) and
by calculating I, from tilted flat water surfaces. It is seen that the GO model with Cox
and Munk’s distribution significantly underestimates all harmonic. coefficients from small to
middle range of incidence angles and overestimates Uz at above 65° incidence angles.

A crucia drawback of the GO model is its prediction of the fourth Stokes parameter V,

which have never been measured for sea surfaces before until 1994 by JPL [1 5]. Although V
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i1s smaller than the other Stokes parameters, there are clear wind direction signals illustrated
in Figures 4 and 5, in particular at large incidence angles. However, the theoretical results
from the GO model are zero for all observation angles. This is because the fourth Stokes
parameter V is zero for the emission from a flat surface. Since V is invariant under any
coordinate rotation, V remains zero for any tilted flat surface. As a result, calculating the
brightness temperatures as a weighted sum of microwave emissions from randomly tilted flat
surfaces, the GO model fails to predict the measured value of V from the JPI. experiment.
The failure of the GO model is due to the neglect of Bragg scattering effects by short waves,

which was taken into account by the two-scale model.

5 Effects of Scattering Mechanisms

Given the reasonable agreement between the two-scale model and the experimental data
illustrated in the previous section, the relative contributions of hydrodynamic modulation,
small and large scale waves on the directional signatures of brightness temperatures are
investigated using the theoretical two-scale model. Secveral features regarding the variation

of wind directional signals over the incidence angle will be discussed.

5.1 Hydrodynamic modulation

The general signature of the theoretical prediction is that the first harmonic coefficients are
zero a normal incidence [4] and increase with increasing incidence angles. This is because
the geometries for up and downwind observation directions degenerate into one at the normal
incidence angle, resulting in no up/downwind brightness asymmetry. As the incidence angle
differs from zero, the asymmetric surface features in the leeward and windward sides of
the large-scale waves provide uneven contributions to the brightness temperatures at the
up and downwind observation directions. Evidently, increasing diflerence between the up
and downwind observation geometries leads to larger first harmonic coeflicients at higher

incidence angles.
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in the two-scale model described here, the first harmonic coefficients are caused by the
hydrodynamic modulation of the capillary waves by large scale waves, with capillary waves
rougher in the leeward side of the large waves than those in the windward face. The effects
of this phenomenon can be more easily understood by a simple model discussed below. In
particular, wc will discuss why 7, has a positive up/downwind asymmetry at all incidence
angles and that of 7} becomes positive at high incidence angles.

Consider the simple model illustrated in Figure 8 where there are two surface facets,
denoted by A and B with slopes equal to 5. These two facets represent the windward
and leeward faces of large-scale waves. For simplicit y, it is assumed that there are capillary
waves riding on facet B, but not on facet A. Yrom Eq. (7), 7, for this simple model at the

upwind and downwind observation directions can be written as

1
Toup = E[Tlv(l + Stan @) + T5,(1 - Stan 6)] (20)

1
Tv,down = §[T3v(1 - Stand)+ :[74‘,(1 + Stan 0)] (21)

Hence, the up/downwind brightness asymmetry is
, , 1 1
7‘1;,up — 7v,down = 5(7‘]1, - T‘;v)(l + Stan 0) - §(T3U - Tgu)(] — S tan 0) (22)

If@ = tan™! S, Ty, — T}y, represents the change of brightness temperatures due to the small-
scale roughness on facet B at an local incidence angle of 6 — 1, a1 d 75, — 72, the change of
the brightness temperatures at an local incidence angle of € + 1.

From Fig. 2, the wind speed sensitivity of 7,, decreases with increasing incidence angles.
This implies that 71v— Ty, > T3, - 12- Thus, 7, has a positive up/downwind asymmetry.
in particular, for the special case that the incidence angle is near the angle where 7% IS

insensitive tothe wind speed ( 550). The wind speed sensitivity of 7.0 illustrated in Fig. 2

indicates
7lv > T4v (23)
721} > 72311 (24)
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for 0 near 55°. Hence, there is a positive up/downwind asymmetry in 7,,.
Unlike 7o, the wind speed sensitivity of T} is positive and remains almost like a constant

over alarge range of incidence angles. This suggests that
Tip — Tan o Tsn - Ton> 0 (25)

Hence,

Thup — Thdown = (T1nTap)Stan 6 4 [(T1n — Tan) — (T3, — 1)) (26)

The first term on the right hand side of the equation is positive and increases with increasing
incidence angles, while the second term in the brackets is a small negative quantity because
Tho has a slightly larger wind speed sensitivity at higher incidence angles according to Fig-
ure 2. This indicates that the up/downwind asymmetry of 7}, is small and negative at small
incidence angles and becomes positive at large incidence angles when the positive asymmetry
proportional to S tan § overcomes the negative asymmetry contributed by the second term.

From this simple model, it is shown that the up/downwind asyinmetries of 7;, is always
positive and that of 73 increases with increasing incidence angles. Additionally, because the
slope of large-scale sea surfaces is small, it is likely that the up/downwind asymmetry of 73
is smaller than that of 7. This is consistent with the c¢xperimental observations illustrated
in Figures 6 and 7.

However, Figures 6 and 7 indicates that the asymmetry of 7, is underestimated by the
two-scale model. Several factors might cause the disciepancy observed between data and
theory. One is the limited numerical accuracy of the two-scale model, which is after all
an approximate numerical model for calculating the scattering from multi-scale surfaces
and may not be accurate enough in considering the scattering from waves near the two-
scale cutoff and the interaction between small and large-scale waves. Secondly, the empirical
formula for hydrodynamic modulation described by Iq. (11) is expected to be too simplistic,
and better characterization of the modulation process on the magnitudes of short waves

distributed on the long waves is necessary. Finaly, although the two-scale model described
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here has included Stogryn’s sea foam model in the calculation of brightness temperatures,
the anisotropic brightness of the whitecaps [27] has not been taken into account. Data from
[27] measured at the nomina incidence angle of 50° indicated radiometrically brighter sea
foam in the leeward side of the large waves than that in the windward face [27], with the
37-GHz T}, exhibiting twice the sensitivity to sea foam than the 37 GHzT,. This indicates
that the polarized microwave emission from sea foam has a stronger influence on 7 than
0117,. But note that this information does not tell us the influence of sea foam on the
the up/downwind brightness asymmetry. To understand the contribution of sea foam to
the up/downwind asymmetry, it is necessary to know two terms, including the difference of
up and downwind brightness temperatures of sea foam in the leeward face and that in the
windward face. It is the sum of these two terms representing the up/downwind asymmetry.
The present sea foam emission models and the data from [27] do not alow us to explore the
contributions by sea foam to the up and downwind asymmetry. Further experimental study

of the polarimetric radiometric signatures of sea foam at all azimuth angles is necessary.

5.2 Geometric Optics versus Bragg scattering

To examine the relative contributions of large waves, small waves and foam in the two-scale
model, the Stokes parameters are calculated for three cases: (i) small-scale waves with the
spectrum W, specified by Eq. (10), (ii) large waves characterized by the surface spectrum
Wi, and (iii) large waves with foam. Specifically, the Stokes vector for case (i) is calculated
using Eq. (14), and that for case (iii) is calculated using Eq. (7) with 7, replaced by that
of atilted flat surface. The fractional coverage of sea foam is calculated using the formula
“discussed previously. Case (ii) is a specia case of case (iii) with F;=: O. The second harmonic
coefficients for these three cases are illustrated in Figure 9. (Note that there is no up and
downwind asymmetry in the small and large scale waves, and thus, theoretical first harmonic
cocflicients are zero. ) As shown, the contributions of large waves and sea foam are small

and the curves for case (iii) are almost identical to those for case (ii), indicating that the sea
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foam model considered in this paper has negligible contribution. Additionally, the directional
signals in all Stokes parameters predicted by the two-scale model arc shown to be dominated
by small waves. In particular, as discussed previously, theoretical V4, from the GO model is
zero, 'while the contribution by the Bragg scattering mechanism is very close to that from
the two-scale model. The above comparison suggests that /Bragg scattering mechanism is the

primary scattering source for the directional signals in sea surface brightness temperatures.

5.3 Signatures of Bragg Scattering

A very interesting signature of the Bragg scattering mechanism illustrated in Figure 9 is that
T2 and Uz change sign between 50° and 70° incidence angles, but no similar phase change
is found in Tx2 and V,. The sign change of 72 means that 7}, hasa positive up/crosswind
asymmetry at small incidence angles, but negative at large incidence angles. This kind of
phase change cannot be found in the microwave backscatter from sea surfaces. However, this
signature is similar to the wind speed sensitivities of 70 and Tho observed in the experimental
data [1, 2] and the theoretical results plotted in Figure 2. The wind speed sensitivity of Two
is positive at small incidence angl?l, and is negative at larger than 60° incidence angles. This
has been explained by the effects of Brewster angle of sea surfaces. At this angle, which is
near 80° for sea surfaces, T, of a flat water surface reaches the m aximum as a function of
incidence angles. Roughening the surface by wind forcing increases the surface reflectivity
or reduces the surface emissivity for vertica polarization at the Brewster angle. Thus, the
wind speed sensitivity of 7w changes sign at about 55° to make a continuous transition from
positive at low incidence angles to negative at high incidence angles. This suggests that 7,
is not sensitive to the Bragg waves at near 55° incidence angle, and consequently implies
that the Bragg wave will produce{ small directiona 7, signa near this angle.

To verify that the sign change is not a numerical artifact of the small perturbation method
(SPM), Monte Carlo simulations of scattering from one dimensiona periodic rough surfaces

with a power-law spectrum is carried out for incidences angles between 40° and 70°. In
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simulating the periodic rough surfaces, the surface spectra] density function is assumed to

have a discrete 1 /k® spectrum.

10
W(ke, ky) = ¢ > k;%6(k, — nk)é(k,) (27)

n:l

where 6 is the delta-function, and k; = 27 /5 is the low-wavenumber cutoff. Here X is the
electromagnetic wavelength. Independent random numbers with the Gaussian distribution
are generated for the real and imaginary parts of each Yourier component of the surfaces and
further weighted by the desired spectral density k;3/2. ‘The simulated Fourier spectra are
then transformed to the spatial domain by the FFT. Each simulated surface is 5A long and
has 40 samples pcr wavelength. Ten surfaces are generated, and the factor ‘g’ is adjusted for
the desired rms surface height (u). The surfaces simulated by this approach are periodic with
a period corresponding to the low-wavenumber cutoff. To solve the scattering coefficients of
all the reflected Floquet modes for both horizontally and vertically polarized incident waves,
the Method of Moment with triangular basis functions for surface tangential fields and pulse
weighting is used. Once the scattering coefficients are obtained, the Stokes vectors of the
thermal emission from the simulated random surfaces are calculated using the Kirchhofl’s
law. Finally, the average is taken over these ten realizations to represent the Stokes vector of
the random rough surfaces. Extensive comparison of the numerical Monte Carlo simulations
and the small perturbation method can be found in [4].

Figures 10 and 11 illustrate the comparison between the results of this Monte Carlo sim-
ulation and the SPM at 40° and 70° incidence angles. The results of SPM agrec very well
with the numerical technique. (The spikes observed in the figures at several azimuth an-
gles are the typical scattering features of periodic surfaces [4], and are not anticipated from
natural ocean surfaces. ) The significance of the numerical simulations is that the azimuthal
signatures of all Stokes parameters are similar to those observed in the experimenta data.
T,at ¢ = 0° (upwind direction) is larger than that at ¢ = 90" (crosswind direction) at 40°
incidence angle, while the opposite is observed at 70° incidence angle. Additionally, U at 45°

azimuth angle is negative at 40° incidence angle and positive at 70°. 'I'hesc correspond to the
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sign changes of Tv2 and Uz from low to high incidence angles discussed previously. In sum-
mary, the numerical simulations lend support to the accuracy of the SPM and indicate that
t he. second harmonics (up and crosswind asymmetry) of wind direction signals obtained from
the two-scale model for all polarization channels are primarily due to the Bragg scattering

in the frequency range of 19 to 37 GHz.

6 Summary

The wind direction signals in the brightness temperatures of sea surfaces are analyzed and
examined using a two-scale scattering model. This model accounts for the tilting effects
of large-scale waves, the anisotropic wavenumber spectrum of short waves, hydrodynamic
modulations characterizing the wind-wave interactions, and the excess microwave emission
from sea foam. Model simulations are found to agree very well with the experimental data,
from 0° to 65° incidence angles at 19 and 37 GHz. The weak frequency dependence of
the wind direction signals is explained by the multi-scale self-similar characteristics of the
wi rid-roughened sea surfaces.

Relative contributions of the Bragg scattering by short waves and geometric tilting effects
by long waves are examined. It is found that the GO model significantly underestimates the
wind direction signals in al Stokes parameters. Furthermorc the fourth Stokes parameter
from the GO model is zero for all frequencies and incidence angles, in disagreement with the
experimental data. in contrast, the Bragg scattering mechanism is the dominant contributing
factor of the second harmonic coefficients of wind direction signals in the two-scale model.
In particular, the phase reversal of 7, and U, between moderate and high incidence angles
is shown to be a signature of the Bragg scattering mechanism. This signature is further
corroborated by the numerical Monte Carlo simulations of scattering from one-dimensional
periodic rough surfaces.

In the two-scale model, the up and downwind asymmetry of brightness temperatures is

modeled by the hydrodynamic modulations of short waves by the long waves. Although the
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trend of the first harmonic coefficients of the Stokes parameters as functions of incidence
angles agrees with the experimental data, several improvements tothe theoretical modeling
of polarimetric sea surface brightness temperatures appear to be necessary. The most likely
model components for improvement include the hydrodynamic modulation model of wind-
wave interactions and the brightness temperature model of sea foam. It is apparent that the
hydrodynamic model described Fq. (1 1) is too simplistic for sea surfaces. For example, the
present model does not account for how the short waves are distributed on the leeward side
of long waves as a function of wind speeds. The second component for improvement is the
sea foam emission model. The empirical emission model by Stogryn [26] did not characterize
the potential dependence of sea foam properties on the slope of long waves indicated by the
data from [27]. However, there are not yet any reliable physical modey]j\ or experimental data
sets, alowing a quantitative determination of sea foam brightness temperatures as a function
of surface slopes. Finaly, the present model does not consider the scattering by breaking
waves. Although the areal coverage of breaking waves, like that of sea foam, is usualy small,
the strong scattering properties of breaking waves have been known to be significant for the
microwave backscattering at high incidence angles. Yinally, the effects of multiple scattering
on the microwave emission from sea surfaces need to be studied. Multiple scattering is known

to be important for sea surface scattering at high iricidence angles.
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A Local coordinate system and vector transforma-
tions

Given the z and y slopes of a tilted fiat surface, S, and Sy, the surface normal can be written
as.
= T2 T (28)
However, the surface normal can also be expressed in terms of the zenith and azimuth angles,
on and d’n, by
% =din 0, cos ¢,2 + Sin 0, sin ¢, + cos 0y, 3 (29)
Equating the above equations alows us to determine 6, and ¢,..
Besides the surface normal 2; of the tilted surface, the local x and y unit vectors, denoted
by #; and g, need to be defined. Because this paper assumes that positive z is in the wind

direction, the Z; vector is chosen to be on the # —z plane so that the center direction of

wind-induced capillary waves on the tilted surface can be conveniently represented by ;.

& = cosfi—snpz (30)

hi= 2 x &y (31)

The angle B is determined by enforcing Z:to be perpendicular to Zi, resulting in
B = arctan(tan 0, cos $x) (32)
Carrying out the cross product and using the solution of /3 give the explicit expression of #

§1 = —sin 0, sin ¢, (sin B3 + cos B2) + §1/1 ~ sin® 0, sin? ¢, (33)

Note that as @, continuous] y approaches zero, the z;y,2; coordinate system approaches the
global zyz coordinate system. Additionally, since 0., is expected to be small for sea surfaces,

& and ; differ from & and ¢, respectively, by a small quantity of the order of 0.
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By using the above equations, a, matrix A can be defined to recast these vector relations

i Vs
,11: gz (34)
3 2

Hence, the wave vector & expressed in the local coordinate is

into a matrix form

Here Ais a three-by-three matrix.

ki = Ak (35)

From ki, the local incidence angle §; and the local azimuth angle ¢; can be calculated by the
following relation

ki = sin 6, cos ¢;&; + sin 6, sin ¢, 9 + cos 0,3 (36)
Additionally, the horizontal and vertical polarization vectors, &; and vy, can be defined in

the local coordinate in terms of &; and &

. ki x 2
h1 = '::I fl‘ (37)
k[ X Z]l
by x &
B = et (38)
h1 X kll
Denoting the angle between h and hy by o results in
Cos a = ﬁ'f)IZiL-ill (39)
sn o= %-hy=-h-o (40)

The linearly polarized components of electric fields (F,, Ex) in the global coordinate are

related to those (F,;, £2r ) in thelocal coordinate by

E, = FE,cosa-+ Eysina (41)

E, = —FEyusina+ Epcosa (42)

Hence, it is straightforward to show that the Stokes parameters measured in the global

coordinate are related to those measured in the local coordinate by
T, =Tycosla + Ty sina— U sin acos a (43)
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Ty =Ty si’a + Thcos’a -t Uy sin @ cos a (44)
U = Uycos’ @ —sin‘a) - (1 —Ty) sin 2a (45)
V = V (46)

Subscript ! indicates the quantities in the local coordinate.

B First-order scattering coefficients

The coeflicients for the incoherent bistatic scattering coefficients due to the first-order scat-

tered fields are defined as:

aﬁ;w(g ¢a 0:» ¢t) = q(l)(ov ¢; 91'3 d>,-)gl(‘1,,)‘(0, ‘f’; 0:" d)t) (47)
with
2cosfi(e-1) .
& 0,¢:0:, ;) = = cos(¢ &) (48)
9un (0, 93 0, ) (cos O + Ve — sin® 0)(cosﬂi Tye— sin? 0;)
a) 2cos Oi(c— 1 )y/esinls
i (0, ¢; Dig = m(«f» ¢:) (49)
i ) (COS 0 + Ve — 311129 (€ cos 0; \~/~ sin?
) (e 0obiy s oMWV SN g )

(e cos Os Ve — S )(cos bt \Jc— s 03) - 0:)
2C0S 0i( C—%! gnO'*mO Ve — sin? €( -- sin*0i cos(¢ — ¢i)
o (ecos 0 + Ve — sin 0)(((050 + v/ — sin? 0;)

a0, ¢ 0, ;) = (51)

C Second-order scattering coefficients

The correction terms of the coherent reflection coefficients due to second-order scattered

fields arc given as follows:

o) . 2cosfie 0
™ (cos \[- suﬁ, {\[ "
_ (6* 1) _
(E+ VPT84 JT-8)
[ c— 1 72+ € cos(¢ #i))) (52)
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2cosO;(¢ -1)sin(¢ ~ ¢:)

o) _ . (¢ ¢ _
o (cos 0; + \ﬂ ~ sin? 0:)(¢ cos 0 + \/c_— sin2 0,)(é2? + /< — &2, /T—£7)
— 1)€2¢/e — sin? 0; cos(¢ - ¢;
[‘é sin 0; — e 1) W - (j) ¢ )] (53)
(Ve—&+/1-8)
gt(;i) = ~g,(j,) (54)
(2 _ 2cos 0i(1 — €)c (¢ — 1) sin’ 0;

Tov (€ cos 0; +\/——sm 0;)2 {(52‘*\/&”{\/1*52 (V- &+ /1-8)

T 2¢ sin 0; cos(¢ — @) )
(¢ — sin? 0:i)(c—1) _ £? cos’(¢ — ¢i) 55
(V=841 ){] ?+\/F~Tf\/1“?€7]} (%)
where
kp
= 2 (56)

D Empirical sea surface spectrum

The surface spectrum for a fully developed ocean proposed by Durden and Vesecky [28] has

the following form
Wk, ¢) = 5 SO (k,9) (57)

where the portion of S(k) with &> k;= 2 was assumed by Durden and Vesecky based on

the dimensional analysis:
bkuf alogyo(k/kj)

g )
with ¢, = g + k%, v= 7.25 x 10~ ", and g = 9.81. Another three parameters for Sk) are «,

S(k) = aok"‘z (58)

b, and ap. The roll-off rate is controlled by a and b, and a¢ represents the absolute magnitude

of the spectrum. The values of a, b, and a, are chosen to be 0.225, 1.25, and 0.008 to best
fit the data

For k< k;j= 2, SK) is described by the Pierson-Moskowitz spectrum
SK) = bok*3cxpl—0.74(kc/k)2] (59)

with ke = g/UZy 5. bois selected in such a way that S(K) is continuous at k =k; for a given

ap.
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The wind speed given at any elevation z can be calculated from the friction velocity w.

by
U Z
u(z) = ajlog('z—o)

where u, is related to Zo by
Z0==0.0000684 /u, + 0.00428u? — 0.000443
The angular portion of the spectrum is assumed to have the following form
P(k, ¢) = 1+ C(1—e-K ) Cos 2¢
The coeflicients of the angular part of the spectrum arc s = 1.5 x 10"and

1-R __2

‘“T¥R 11--0)
where

_0.003+ 0.00192 U(12.5)

R
0.00316 U(12.5)
p o ot kS (k)em** d
I k2S(k)dk

There were misprints in the equations for Zg, ¢, and X in [28].
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Normalized slope variance
Durdend Vesecky (ao = 0.004) 0.95
Durdend Vesecky (ag = 0.008) ' 1.9
Picrson&Stacy [9, 10] 7 S2
Donclan&Pierson [3] 1_—7——:
[Apel B3 B N—

Table 1: Slope variances of sea surfaces normali

zed by Cox an ’
spectra. The wind speed is 9 m/sat 5 m elevatlo orrespon 'lr\ldgm 63 160’“5 s a?l fs%surf
9.9 m/s a 12.5 m height based op E(g 00316on and Munk’s slope variance is the sum of

52 and S?, which are calculated by (12:5) and §2= 0,003 + 0.00192 U(125).

Parameter Durden& Vesccky Cox&Munk |
Frequency (GHz) 19.35 37 -

ko (1/m) 405.3 N

kg (1/m) 80 | 120 50 | 230 | -

5?2 0.025 | 0.027 | 0.029 | 0.033 0.031
52 0.024 1 0.025 | 0.026 | 0.028 |  0.022

[ oo 037 | 026 | 042 | 028 | -

Table 2: Slope variances of large scale waves are indi

!
directions. o is therms height of small scale waves. The %Mﬁgﬁ%&} bl %1% %‘I%Wlm
corregpondl ng to 10.3 m/s at 19.5 m and 9.9 m/s at 12.5 m height based on Fq. (60). The
magnitude of Durden and Vesecky’s spectrum (a,) is 0.008.
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Frequency (Gliz) 19.35 37
Difference RMS [ WORST | RMS | WORST
w0 0.29 0.60 0.25 0.50
ho 0.32 0.60 [ 0.37 0.70
» 011 [ 0.23 [010 |02
Thi 0.07 0.14 0.10 0.18
U, 0.07 0.18 0.11 0.28
Vi 0.00 0.01 0.00 0.01
T2 0.07 0.15 012 | 0.19
Tha 0.04 0.13 0.11 0.30
U, 008 | 015 1013 ] 025 |
Vs 0.04 0.12 0.05 015 |

able 3: Sensitivity of theoretical results on ka: rms and the worst case difference between
the harmonic cocflicients calculated from two different k; listed in ‘1’able 2. The wind speed
is9 m/s at 19.5 m elevation , and the sea surface temperature is 12° C.

19tm— 37GHz
0 | U@5m | Parameter [THeany | Data | SSM/I | Theor: | IEG-[ SSM/I
30 [ 11 mis " 1346 | 160.7 154.0
112.1 ko 112.1 | 139.8 130,0
45 | 9m/s 1o 150.7 | 168.4 | 1704 | 188.6
Tho 96.5 | 121.2 1131 | 1440
55 | 9 mis Too 168.4 | 1864 | 1676 | 187.3 |[204.7 | 187.2
Tho 84.0 116,6 85.6 99.3 141.0 104.3
65| 9 mi/s Too 191.6 | 205.1 207.2 | 2205
Tho t 695 - 1162 830 | 1425

‘1I’able 4: Theoretical and experimental Tvwo and Tho. Wentz's SSM/I model [12] at 53°
incidence were included for comparison.
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